It has long been thought that jumping by the ciliate Mesodinium rubrum can enhance its nutrient uptake. However, jumping can be energetically costly and also dangerous by inducing hydrodynamic disturbances detectable by rheotactic predators. Here, a computational fluid dynamics (CFD) model, driven by published empirical data, is developed to simulate the jump-induced unsteady flow as well as chemical field around a self-propelled jumping ciliate. The associated phosphorus uptake, hydrodynamic signal strength, mechanical energy cost and Froude propulsion efficiency are also calculated. An equatorial ciliary belt (ECB), i.e. the morphology used by M. rubrum for propulsion, is considered. For the purpose of comparison, three other strategies ( pulled or pushed by cilia, or towed) are also considered. Comparison of the CFD results among the four strategies considered suggests: (i) jumping enhances phosphorus uptake with simulated values consistent with available field data; (ii) the M. rubrum-like propulsion generates the weakest and spatially most limited hydrodynamic disturbance and therefore may effectively minimize the jump-induced predation risk; and (iii) the M. rubrum-like propulsion achieves a high Froude propulsion efficiency ( 0.78) and is least costly in mechanical energy expenditure among the three self-propelled strategies considered. Thus, using the ECB for propulsion can be essential in ensuring that M. rubrum is a successful 'fast-jumping' primary producer.
I N T RO D U C T I O N
The ubiquitous marine planktonic ciliate Mesodinium rubrum Lohman (Myrionecta rubra Jankowsky) is probably one of the most remarkable among those red-water organisms in that it is a fast-jumping primary producer (Lindhohm, 1985) . The body shape of M. rubrum consists roughly of a hemispherical oral end and a conical aboral end (e.g. Taylor et al., 1971; Lindhohm, 1985; Fenchel and Hansen, 2006) , with the overall body size ranging jumping movements have only been revealed very recently by using 1000-frame-per-second high-speed video recording (Fenchel and Hansen, 2006 ). An individual M. rubrum ( 23 mm in body size) has been shown to reach a maximum body speed of 11 mm s 21 and to cover a jumping distance 160 mm, with the aboral end forwards (Fig. 1 ), all within a single beat (lasting 20 ms) of the membranelles that form from the cilia of the ECB. This can by no means be matched by any other phytoplankton species that are equipped with different propulsive morphologies (see below). Nevertheless, M. rubrum can achieve unusually high photosynthetic rates and be a major primary producer in coastal ecosystems (e.g. Packard et al., 1978; Smith and Barber, 1979; Crawford, 1989; Stoecker et al., 1991 Stoecker et al., , 2009 .
The adaptive significance of fast jumping in M. rubrum has been recently summarized (Fenchel and Hansen, 2006; Riisgård and Larsen, 2009) . First, the rapid jumping motion enables the ciliate to escape from danger (such as in the vicinity of a copepod feeding current) and reduce the probability of being captured (e.g. Jonsson and Tiselius, 1990) ; such escape jumps are apparently reasonable responses when the ciliate perceives the predator-generated hydrodynamic signals (Jakobsen, 2001) . Second, fast jumping can enhance nutrient uptake that may be a limiting factor for photosynthesis in M. rubrum. Nutrient uptake in larger immobile phytoplankton cells can be diffusion-limited (e.g. Munk and Riley, 1952; Kiørboe, 1993; Karp-Boss et al., 1996) . Jumping creates fluid motion surrounding the ciliate that steepens the nutrient gradient to increase the contribution of advective transport to nutrient uptake. Third (the often upward-oriented) jumping helps M. rubrum to maintain itself in the euphotic zone as well as to survive the more turbulent conditions within the upwelling waters (e.g. Margalef et al., 1979; Wilkerson and Grunseich, 1990) . Importantly, it also has been shown that M. rubrum does not jump when it actively uses its bifurcated oral tentacles to capture prey (Yih et al., 2004) , suggesting that jumping is for purposes other than prey capture.
Using the ECB for propulsion seems to be essential for M. rubrum to achieve the unparalleled jumping speed. This can be seen by comparing with those planktonic protists that employ other types of propulsive morphologies (e.g. Fenchel, 1987; Sleigh, 1989; Hausmann et al., 2003) . Flagellates (1 -50 mm in diameter) having one or more flagella on the anterior ( posterior) that pull ( push) swim at a low to small fraction of 1 mm s 21 . Dinoflagellates (10-150 mm in diameter) possess two flagella: one is a smooth, longitudinal, trailing flagellum, and the other is a hairy one situated in a groove along the equator of the cell, i.e. a transversal flagellum. Although the relative contributions of these two flagella to thrust and to overall motion of the cell are complex (Gaines and Taylor, 1985; Fenchel, 2001; Miyasaka et al., 2004) , the swimming speed they achieve is 10 body lengths s 21 (i.e. 0.01 -1.5 mm s 21 ). Those planktonic ciliates that are pulled ( pushed) by their anterior ( posterior) ciliary band swim at a speed usually in the range of 0.5 up to a few mm s 21 .
Often, a specific behavioral or morphological strategy can be beneficial in one aspect but detrimental in another (e.g. Tiselius et al., 1997; Visser et al., 2009) . Fast jumping apparently brings several benefits as summarized before, but it may potentially generate stronger hydrodynamic disturbances that may be more easily detectable by rheotactic predators and therefore increase predation risk. It also may be accompanied by higher energy costs. Thus, we may hypothesize that the specific propulsive morphology (i.e. the ECB) that M. rubrum uses for fast jumping generates weaker hydrodynamic disturbances and costs less mechanical energy than if other representative propulsive morphologies were used to achieve the same fast jumping.
The focus of this study is to shed light on the strategy of using the ECB for fast jumping in M. rubrum by using a computational fluid dynamics (CFD) model. The CFD model computes the unsteady flow field imposed by a self-propelled jumping protist and considers several representative propulsive morphologies, including the ECB. Simultaneously, the model also computes the unsteady chemical field surrounding the jumping protist to determine nutrient uptake. The mechanical energy cost and Froude propulsion efficiency can also be calculated. These results will be compared among all considered Lindholm (1985) ]. According to Fenchel and Hansen (2006) , the cirri fold to wrap around the oral tentacles at the initiation of a jump, and then the membranelles that form from the cilia of the ECB starts to beat from the aboral end toward the oral end; as a result, the ciliate jumps along the direction indicated by the arrow.
propulsive morphologies. There are previous works on modeling the flow field (e.g. Blake, 1971 Blake, , 1973 Brennen, 1974; Keller and Wu, 1977; Higdon, 1979a,b) as well as enhancement of nutrient uptake (e.g. Magar et al., 2003; Magar and Pedley, 2005; Langlois et al., 2009; Bearon and Magar, 2010) associated with a self-propelled swimming microorganism. However, the effects due to different propulsive morphologies have seldom been investigated or compared. It is of great interest to study the advantages/disadvantages those morphological differences can bring to protists in terms of hydrodynamic conspicuousness, energetics and material transport towards or away from the protistan body.
M E T H O D

Observed jump kinematics of Mesodinium rubrum
Using 1000-frame-per-second high-speed imaging, Fenchel and Hansen (Fenchel and Hansen, 2006) obtained a typical jump kinematics (Fig. 2) for a M. rubrum ciliate ( 23 mm in body size). A fit to their observed time-dependent jump velocity data ( Fig. 2b ) was used in this study to drive the CFD modeling. The Reynolds number calculated for this jump is 0.2, based on the body size and the maximum jump speed.
CFD simulation approach
The jumping ciliate was modeled as a sphere of radius a (11.5 mm) covered with a ciliary layer of thickness l (5.75 mm). This thickness was estimated from the generalized external morphology as shown in Fig. 1 . The model ciliate is assumed to jump forward along a straight line (i.e. the x-axis; Fig. 3 ). As the modeled flow is axisymmetric, only a meridian plane needs to be included as the computational domain (i.e. the finite geometric domain on which the flow field is solved numerically). A cylindrical polar coordinate system is adopted with r being the radial distance from the x-axis ( Fig. 3 ). Symmetry boundary condition is specified on the upper boundary. Pressure-outlet boundary conditions are specified on both the left and right boundary.
The computational domain is 100a in the x-direction and 50a in the r-direction (Fig. 3a) . The domain is discretized into 750 quadrilateral control volumes (CVs) immediately adjacent to the spherical ciliate body and into 24 000 triangular CVs that are stretched radially outward from the outer boundary of the quadrilateral CVs. The model-ciliate body and the quadrilateral CVs travel together ( Fig. 3) according to the observed time-dependent jump velocity, U(t). The outer zone consisting of the triangular CVs (i.e. the deforming mesh zone; Fig. 3b ) is remeshed every time step in order to accommodate the combined motion of the model-ciliate body (as an internal solid-wall boundary) and the adjacent quadrilateral CV zone.
There is no relative motion between the model-ciliate body and the adjacent quadrilateral CV zone, and the quadrilateral CV zone remains un-deformed throughout the jump duration. It is therefore feasible to apply on the quadrilateral CV zone a spatially consistent time-dependent field of body force, F(x, r, t; in N m 23 ), to model the forcing due to beating of the cilia. Via such a CFD setup, the forcing and the model-ciliate body translate together, which is analogical to the real world situation that the beating cilia translate with the Fenchel and Hansen (2006) . (a) Cumulated distance traveled, L, as a function of time, t (after initiation of jump). The fit for L (mm) as a function of t (ms) is: L ¼ a 3 t 3 þ a 2 t 2 þ a 1.5 t 1.5 , where a 3 ¼ 6.118 Â 10 26 , a 2 ¼ 26.114 Â 10 24 and a 1.5 ¼ 4.186 Â 10 23 , and the fit is only valid for the power-stroke duration (i.e. 0 , t 18.6 ms). (b) Jumping velocity, U, as a function of t. (c) Body acceleration, A, as a function of t. The slight reversal of the ciliate at the end of the jump was mostly owing to the stretching of the cirri, which was not considered in the present study. Because both the velocity and the distance traveled during the reversal were significantly less than those during the power stroke, the effects due to the reversal on the hydrodynamic signature and nutrient uptake should be minimal. ciliate body. The axial, F x (x, r, t), and radial, F r (x, r, t), component of the forcing are specified as: F x ðx;r;tÞ ¼ Àf ðtÞ sinðphÞ r 0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi x 02 þ r 02 p ð1aÞ
where h ¼ ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi x 02 þ r 02 p À aÞ=l with a the radius of the model ciliate and l the thickness of the ciliary layer as defined above. r 0 ¼ r and x 0 ¼ x À x ciliate ðtÞ, where x ciliate ðtÞ is the model ciliate's instantaneous axial position that is determined from the observed timedependent jump velocity, U(t). f(t) is the time-dependent forcing density (in N m 23 ), which needs to be determined at every time step (see below). Such a specification of the forcing is based on an analytical solution for an infinite, plane ciliary layer (Wu, 1977) . The solution provides the optimum distribution of the average ciliary continuum force under the condition of minimum power required for fixed mean square force.
Four ciliary forcing schemes were considered in this study, with the real-world ciliary propulsive morphologies in mind: (i) the equatorial surface of the model ciliate is covered by cilia, with F being non-zero only in the polar angle range from 72 to 1088 ( Fig. 4a ); (ii) the anterior surface of the model ciliate is covered by cilia, with F being non-zero only in the polar angle range from 0 to 368 ( Fig. 4b) ; (iii) the posterior surface of the model ciliate is covered by cilia, with F being non-zero only in the polar angle range from 144 to 1808 (Fig. 4c ); and (iv) F is zero throughout the ciliary layer with the model ciliate being towed forward (Fig. 4d ).
The flow field associated with a jumping ciliate can be taken as laminar, incompressible and Newtonian, and is governed by the unsteady incompressible Navier-Stokes equations together with the continuity equation (not shown for brevity). To obtain the flow field, these equations under the above-described forcing and boundary conditions were numerically solved by using the commercially available finite-volume CFD software package ANSYS FLUENT (version 12.0.16; Lebanon, New Hampshire, USA). Using a stationary frame of reference, the model-ciliate body motion, U(t), is explicitly included as a prescribed moving solid-wall boundary condition. To ensure that U(t) is a result of self-propulsion by the model ciliate, the ciliary forcing F(x, r, t) is determined at every time step by solving the dynamic equation of the model-ciliate jump:
where m ciliate is the body mass of the model ciliate. R(t) is the instantaneous hydrodynamic resistance (with the added mass effect included) acting on the body surface of the model ciliate and T(t) is the instantaneous thrust. R(t) is obtained by determining the axial component of the area integral of pressure and shear stress over the body surface. T(t) is equal to the axial component of the volume integral of F(x, r, t) over the volume where the ciliary forcing is applied. Because the general form of F(x, r, t) is prescribed by Equation (1), Equation (2) is solved by determining the coefficient, f(t), in front of the prescribed general form. In practice, at each time step F is first determined on the basis of the flow field information at the immediately previous time step, and then the determined F is coupled to the flow field solver, along with the moving/deforming mesh, to compute the flow field at the next time step. Thus, a small time step is necessary for both accuracy and convergence (see below). For more details on the solution process, interested readers are referred to User's Guide of ANSYS FLUENT. The chemical field, C(x, r, t), around the jumping ciliate can be described by the advection -diffusion equation:
where u is the jump-imposed flow field and D is a constant diffusivity (diffusion coefficient). Simultaneously to the solution of the flow equations, Equation (3) was solved by using ANSYS FLUENT and subject to the boundary conditions:
C ! C 1 ða constantÞ; at infinity ð4bÞ Fig. 4 . Illustrations of the four ciliary forcing schemes (see the main text for the details). The meshes in gray immediately surrounding the spherical body mark the ciliary layer on which a spatially distributed, time-dependent body force field, F, is applied to model the thrust exerted by ciliary beating. and the initial condition:
where x 0 is the initial axial position of the model ciliate.
Here, the boundary condition applied at the surface of the ciliate is the Dirichlet boundary condition, which is suitable for considering how propulsion enhances the diffusion-limited nutrient uptake by the ciliate (e.g. Bearon and Magar, 2010) . The initial condition used is simply the steady-state (i.e. @C=@t ¼ 0) and diffusion-only (u ¼ 0) solution of Equation (3). Throughout this study, the fluid density, r, is 1.02695 Â 10 3 kg m 23 and the fluid kinematic viscosity, n, is 1.354 Â 10 26 m 2 s 21 ; both are the values for seawater with salinity 35 at 108C at one normal atmosphere. The mass density of the model ciliate is assumed to be equal to the fluid density. The chemical diffusivity, D, is 1.0 Â 10 29 m 2 s 21 (e.g. for phosphorus uptake).
As to the numerical schemes, the highly accurate third-order MUSCL (monotone upstream-centered schemes for conservation laws) scheme is used for spatial interpolation. The body force weighted scheme is selected as the discretization method for pressure. The PISO ( pressure-implicit with splitting of operators) scheme is used for pressure-velocity coupling. Temporal discretization is a first-order implicit scheme. For the jumping phase, the time step is t*/100 where t* ¼ a 2 /n ( 97.7 ms; a viscous time scale based on the radius of the model ciliate). Using such a small time step is also a requirement by the dynamic (moving/deforming) mesh model in ANSYS FLUENT. At the end of the jumping phase, when the model ciliate is almost stationary, the dynamic mesh model is switched off to allow for a much larger time step (t*). After the jumping phase, the simulation is still continued for a significantly long time, e.g. 150 000 Â t* ( 14.7 s). As a result, the time-dependent flow field as well as chemical field is also obtained for the decay phase. The choices of these time steps and of the mesh sizes described previously are based on a series of mesh and time-step refinement studies (not shown for brevity). Validation of the CFD code performance is presented in the Appendix.
Volume of influence of the jump-imposed flow
Rheotactic predators are likely to respond to the velocity magnitude of the flow imposed by moving prey (Kiørboe and Visser, 1999) . Here, the jumping ciliate is considered a moving prey; the volume of influence of the ciliate-imposed flow is defined as the volume within which the instantaneous flow velocity exceeds a threshold magnitude, u*. The time series of volume of influence, V(t), is obtained for every time step from the simulated time-dependent jumping flow field for each of the four ciliary forcing schemes considered.
Thrust, power and propulsion efficiency
During the power stroke, the instantaneous thrust, T(t), is obtained at every time step by solving Equation (2) and the flow field equations jointly as described previously. The instantaneous mechanical power, P(t), applied by the cilia is calculated as the volume integral of [F(x, r, t) . u(x, r, t)] over the volume where the ciliary forcing, F(x, r, t), is applied; here u(x, r, t) is the CFD-simulated instantaneous flow velocity vector field. The CFD-simulated total mechanical work, W CFD , is then calculated as the time integral of P(t) over the power stroke duration, t.
The hydromechanical efficiency (or Froude propulsion efficiency; Lighthill, 1970) for ciliate jumping is calculated according to its definition:
where the useful mechanical work is calculated as the time integral of the product of the instantaneous thrust, T(t), and jump velocity, U(t), over the power stroke duration, t.
Nutrient uptake
From the simulated chemical field, C(x, r, t), around the jumping ciliate, the total flux of the chemical (or nutrient) to the ciliate is calculated at every time step as (e.g. Karp-Boss et al., 1996) :
where S is the ciliate surface and n is the unit normal inward to S. The Sherwood number, Sh, is also calculated at every time step from its definition:
where J D ¼ 4paDC 1 , which is the flux due to diffusion only. Thus, Sh quantifies the relative enhancement of flux due to advection caused by the jump-imposed flow. 
R E S U LT S
The jump-imposed hydrodynamic disturbance
Both the flow pattern and the spatial decay of the hydrodynamic disturbance created by a jumping model-ciliate are sensitive to the way the ciliate propels itself; both vary greatly for the four ciliary forcing schemes considered in this study (Fig. 5 ). In the case where the equatorial surface of the model ciliate is covered by cilia (i.e. the M. rubrum-like propulsion), the flow pattern is not stresslet-like (i.e. two oppositely directed jet-like flows extending both in front of and behind the ciliate) and the imposed flow velocity (relative to a stationary frame of reference) around the ciliate is always less than the instantaneous jumping velocity of the ciliate (Fig. 5a) ; the instantaneous flow attenuates with distance, d, as d 23 (data not shown), which is similar to what has been previously shown for steady swimming via equatorially distributed cilia (Jiang and Paffenhöfer, 2008) . In cases where the ciliate is either pulled (Fig. 5b) or pushed (Fig. 5c ) by the cilia, the flow patterns are stresslet-like and velocities both within and surrounding the ciliary-forcing region are much greater than the instantaneous jumping velocity of the ciliate; these two flow fields have similar spatial decay rates ( d 22 ) but are opposite in flow directions. In the towedbody case, the flow is of a Stokeslet-like flow pattern ( Fig. 5d ) and decays much slower spatially ( d 21 ). The time series of volume of influence calculated, respectively, for the four imposed hydrodynamic disturbances are shown in Fig. 6 . The forcing scheme of equatorially distributed cilia (i.e. the M. rubrum-like propulsion) generates a disturbance with the smallest spatial extension; the towed body generates the largest, while both the puller and the pusher generate disturbances with spatial extension lying in between. The differences in volume of influence among these imposed hydrodynamic disturbances are enormous.
Thrust, power and Froude propulsion efficiency
The CFD-simulated thrust, power and Froude propulsion efficiency for jumping are all different among the four ciliary forcing schemes considered in this study ( Fig. 7 ; Table I ). Although differing slightly among themselves, the three self-propelled ciliary forcing schemes require much higher thrust than the force required to tow the body (Fig. 7b ). In terms of mechanical power input, the towed body of course requires the lowest level; the forcing scheme of equatorially distributed cilia (i.e. the M. rubrum-like propulsion) requires 3.5 times higher mechanical power input than that for towing the body, while both the puller and the pusher require even much higher levels of mechanical power input (Fig. 7c) . The M. rubrum-like propulsion achieves a much higher Froude propulsion efficiency ( 0.775) than both the puller ( 0.126) and the pusher ( 0.139) do (Table I) ; the Froude propulsion efficiency for the trivial case of the towed body is 1. For all cases considered, mechanical energy expenditure, averaged over a long time period, is only a small percentage of the total metabolic rate (fifth column in Table I ).
Chemical field, Sherwood number and nutrient uptake
The three self-propelled ciliary forcing schemes generate much sharper chemical gradients near the ciliate surface than the towed-body model does (Fig. 8) . The three self-propelled models also generate a local concentration minimum near the starting position of the jump (Fig. 8a-c) , which is, however, not present in the towedbody model (Fig. 8d ). For phosphorus uptake (D ¼ 1.0 Â 10 29 m 2 s 21 ), the three self-propelled models achieve a maximum Sherwood number 5, in contrast to 3 reached by the towed-body model (Fig. 9) . Among the three self-propelled models, the puller achieves the highest uptake, the M. rubrum-like propulsion follows and the pusher achieves the lowest uptake, though the three models differ not too much from each other (Fig. 9) . Importantly, the often-used theoretical solution for the steady-state situation reproduces none of these CFD-simulated jumping cases, either selfpropelled or towed (Fig. 9) . Although it takes only a very short time for the ciliate to build up the sharp chemical gradients surrounding its body surface via jumping (t ¼ 0.0, 0.0093, 0.0186 s in Fig. 10) , after the jump is completed it takes seconds for the chemical field with sharp gradients to relax to its prejump configuration (t ¼ 0.1016, 1.0005, 10.0004 s in Fig. 10) . Thus, significant nutrient uptake can be achieved during the couple of seconds immediately following the jump (Fig. 11 , with details presented in Discussion).
D I S C U S S I O N Jumping and nutrient uptake
Field data available in the literature allow for a rough estimate of phosphorus-uptake rates by M. rubrum ( 40 mm in cell diameter) in bloom water in the Baja California upwelling system (Station 73, Packard et al., 1978) . At this station, M. rubrum photosynthetic rate The Froude propulsion efficiency is computed based on Equation (6). Total metabolic rate is determined using an empirically derived cell volume-dependent relationship for growing cultures of heterotrophic protists (Fenchel and Finlay, 1983) : log 10 M ¼ 0.75log 10 Vol -4.09, where M is the total metabolic (respiratory) rate in the units of nL O 2 cell 21 h 21 , and Vol is the cell volume in mm 3 . In the present case, Vol ¼ 6.37 Â 10 3 mm 3 (for an 11.5 mm radius spherical cell), which gives a respiratory rate of 0.0580 nL O 2 cell 21 h 21 . This value is equivalent to a cell volume-specific respiratory rate of 0.113 mol O 2 m 23 s 21 , which is consistent with data from other sources (e.g. Hughes and Wimpenny, 1969) . Based on conventional transformation of 1 L of O 2 representing 20.1 kJ of work (Schmidt-Nielsen, 1997), the calculated respiratory rate can be converted to a power generation of 3.24 Â10 210 W cell 21 . This is the value of the total metabolism used here. was measured to be 468 mg C h 21 L 21 . For the surface water, two different cell counts were obtained, i.e. 7.1 Â 10 4 cells L 21 (large Niskin bottle sample) versus 5.38 Â 10 5 cells L 21 (bucket sample). Based on the Redfield ratio C:P ¼ 106:1 (Redfield, 1958) , one can work out two phosphorus-uptake rates, i.e. 2.9 Â 10 219 mol P mm 22 s 21 for the lower cell counts and 0.38 Â 10 219 mol P mm 22 s 21 for the higher cell counts, both expressed as the cell surface area-specific flux. The former value falls within the range of the maximum phosphorus-uptake rates of phytoplankton (0.5 Â 10 219 -35 Â 10 219 mol P mm 22 s 21 ; Reynolds, 2006) . In the surface water of the same station, PO 4 3concentration was 1.43 mmol L 21 , whereas at stations where M. rubrum did not occur the average concentration was 0.6 mmol L 21 . Note that the external concentrations required to saturate the rates of growth of phytoplankton are generally under 0.13 mmol L 21 (Reynolds, 2006) . From the CFD-simulated chemical field and using Equation (7), the instantaneous phosphorus-uptake rate, J, was calculated, respectively, for the three levels of external background phosphorus concentration (C 1 ¼ 0.13, 0.6, 1.43 mmol L 21 ) and the results are shown in Fig. 11 . For the lowest concentration, the calculated phosphorus-uptake rate is mostly below the minimum requirement for the bloom uptake rate estimated from the field data; while for the two higher concentrations, the calculated rates are within the requirement range. In each of these three calculation examples, jumping generates a peak in the uptake rate, and the postjump time period contributes substantially more to the overall uptake than the jumping time period. These observations support the view that jumping by M. rubrum can significantly enhance its nutrient uptake.
Previous behavioral observation shows that M. rubrum jumps approximately every 1 -10 s (e.g. Fenchel and Hansen, 2006) . The observed time interval between jumps is significantly larger than the diffusion time scale based on the ciliate body radius (i.e. a 2 /D ¼ 0.132 s, for a ¼ 11.5 mm and D ¼ 1.0 Â 10 29 m 2 s 21 ) but close to the diffusion time scale based on half jumping distance (i.e. (L max /2) 2 /D ¼ 6.4 s, for L max ¼ 160 mm and D ¼ 1.0 Â 10 29 m 2 s 21 ). This suggests that those jumps repeated at the observed time intervals may be for rebuilding the chemical field with sharp gradients before it completely relaxes to the chemical field resulting from pure diffusion.
The theoretical solution for the steady state situation has been shown to be unable to reproduce any of the CFD-simulated results for ciliate jumping (Fig. 9 ). Ciliate jumping is highly unsteady and characterized by a jumping time much shorter than the diffusion time scale. Thus, in order to more accurately calculate the associated nutrient uptake, using transient CFD simulations such as those presented in this study seems necessary. Researchers have previously pointed out the importance of finding the unsteady solution to the advection -diffusion equation governing a timedependent chemical field (e.g. Bearon and Magar, 2010; Strom and Fredrickson, 2010) . 
Benefits from adopting the equatorial distribution of cilia
Fast jumping has been shown probably to benefit M. rubrum by enhancing its nutrient uptake. However, jumping may require higher mechanical power input and may also expose the ciliate to rheotactic predators by generating elevated hydrodynamic disturbances. The present numerical study reveals the probable advantages of adopting equatorially distributed cilia in the M. rubrum-like propulsion over two other propulsion strategies (i.e. pulled or pushed by cilia). The M. rubrum-like propulsion generates a much weaker and spatially much more limited hydrodynamic disturbance and therefore may effectively minimize the jump-induced predation risk from rheotactic predators. Also, the M. rubrum-like propulsion requires much less mechanical power input and simultaneously achieves a much higher Froude propulsion efficiency. All these advantages stem from the fact that the M. rubrum-like propulsion imposes a jumping flow with spatial pattern and attenuation very different from those imposed by the other two propulsion strategies (see Results). In particular, the reason for the much lower mechanical energy costs in the M. rubrum-like propulsion is that in it the equatorially distributed cilia push against the flow of magnitudes always smaller than the instantaneous jumping velocity; while in the other two strategies, the magnitudes of the flow that the cilia push against are always larger than the instantaneous jumping velocity. Thus, the equatorial distribution of propulsive cilia (the ECB) can be essential for M. rubrum to be an ecologically successful 'fast-jumping' primary producer.
In the M. rubrum-like propulsion, the more spacious equatorial surface allows for more cilia to be located than in the propulsion strategies of pulled or pushed by cilia covering one end. This might be another reason that much lower flow velocities are generated in the M. rubrum-like propulsion. Fig. 10 . Mesodinium rubrum-like propulsion (i.e. equatorially distributed cilia). Instantaneous chemical concentration field, C/C 1 , around the jumping model-ciliate at several time instants after the initiation of jump. Contours are drawn every 0.05 from 0 (at the ciliate surface) through to 0.95. The chemical diffusivity, D, is 1.0 Â 10 29 m 2 s 21 ( phosphorus diffusivity in water). Fig. 9 . Instantaneous Sherwood number, Sh, as a function of time, t, or the scaled time, t/t D * (where t D * ¼ a 2 /D, the diffusion time scale) for the four ciliary forcing schemes (i.e. the four lines labeled, respectively, by 1, 2, 3 and 4) and also for a theoretical prediction (i.e. the line labeled by 0). The theoretical prediction is from Sh(t) ¼ f1 þ [1þPe(t)] 1/3 g/2, where Pe(t) ¼ 2aU(t)/D [modified from the steady state situation considered by Karp-Boss et al. (1996) ]. The chemical diffusivity, D, is 1.0 Â 10 29 m 2 s 21 ( phosphorus diffusivity in water).
Although using the ECB for jumping can effectively minimize both the imposed hydrodynamic disturbance and the associated mechanical energy cost, its poor maneuverability can be a disadvantage. This might be the reason that a large group of planktonic protists employ the pulled or pushed strategy for swimming at relatively low speeds.
Stokes' law cannot be used to correctly calculate the swimming/jumping energetics The instantaneous mechanical power input ( Fig. 7c ) and total mechanical work (Table I) calculated from the towed-body CFD model are 4 -23 times smaller than those calculated from the three self-propelled ciliatejumping models. Using the towed-body model to calculate the jumping energetics in the present CFD study is similar to using the well-known Stokes' law to calculate the energetics. Therefore, using Stokes' law can substantially underestimate the mechanical power input and total mechanical work. The reason for such underestimation is that a dominant percentage of the mechanical energy is dissipated within the ciliary forcing zone (Keller and Wu, 1977) , which is, however, not accounted for at all by Stokes' law. Thus, caution has to be taken in interpreting those previous estimates of the energetics for swimming/jumping microorganisms based on Stokes' law. Of importance is the actual morphology involved in the propulsion, as it determines the mechanical energy dissipation within the zones forced by the propulsive morphology and the flow-field pattern outside the forcing zones, both of which affect the overall energetics.
Jump umber
Fast jumping by planktonic copepods generates viscous vortex rings (Kiørboe et al., 2010; Jiang and Kiørboe, 2011a,b) . Whether or not such vortex rings are generated depends on the impulsiveness of the jump behavior, which can be characterized by a dimensionless 'jump number' (Jiang and Kiørboe, 2011a) :
where t is the duration of the power stroke and d the body length. N jump is the ratio of two time scales (beat duration and viscous time scale). For values of order 1 or less, the generated flow will be in the form of a viscous vortex ring, whereas, for very large values, the generated flow will be in the form of a momentum jet. For ciliate jumping considered in the present study, N jump 190, which is consistent with the CFD simulation results that momentum jets are generated both in front of and behind the ciliate body ( Fig. 5 ).
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Bearon, R. N. and Magar, V. (2010) Simple models of the chemical field around swimming plankton. J. Plankton Res., 32, 1599-1608. Fig. 11 . Mesodinium rubrum-like propulsion (i.e. equatorially distributed cilia). CFD-simulated phosphorus-uptake rate, J, as a function of time, t (after initiation of jump), calculated, respectively, for three levels of the external background phosphorus concentration (C 1 ¼ 0.13, 0.6, 1.43 mmol L 21 ). The two horizontal dashed lines indicate the likely range of the bloom phosphorus-uptake rates by M. rubrum ( 0.38 Â 10 219 -2.9 Â 10 219 mol P mm 22 s 21 ), estimated from a previous field data set (Packard et al., 1978) . (8) of the main text of this paper] for a sphere in the Péclet number (Pe = 2aU/D) range of 10 -3 -10 4 , with comparison among the CFD results and three theoretical predictions:
(1) Sh = [1+(1+Pe) 1/3 ]/2 for all Pe in creeping (Re < 0.1), uniform flow;
(2) Sh = 0.4957Pe 1/3 +0.461; and (3) Sh = 1+Pe/4+Pe 2 ln(Pe/2)/8 for Pe << 1. The original sources of these equations are provided by Karp-Boss et al. (1996) .
